The composition of varieties of Taxus growing in Estonia was analyzed by capillary electrophoresis with diode array detection (CE-DAD) for the separation of phenolic compounds, and by high performance liquid chromatography-mass spectrometry (HPLC-MS) for the determination of taxoids. The main purpose of this study was the chemotaxonomic differentiation of varieties of Taxus by using data from these analyses. Fingerprints scanned at 214 nm on the basis of CE separation at pH 9.3 were used to characterize seven varieties of yew. The contents of four key taxoids (10-deacetylbaccatin, baccatin III, cephalomannine and paclitaxel) in six Taxus varieties were comparatively determined by HPLC-MS. The set of electropherograms/chromatograms of the various Taxus extracts were subjected to principal component analysis (PCA), using the peak areas of 16 phenolic compounds and 14 taxoids as characteristics. The formation of distinct clusters in accordance with botanical classification proves the suitability of PCA for differentiating varieties of Taxus.
Interest in analytically characterizing the yew biomass has in recent decades been connected primarily with the bioactivity of the plant constituents. Yew trees, taxonomically classified under the genus Taxus, contain a great number of physiologically active compounds such as taxane derivatives, taxines, lignans, flavonoids and steroids [1] . The taxane derivatives (or taxoids) with their various structural skeletons (for example, normal taxanes, cyclotaxanes, and abeotaxanes) are of particular interest due to their powerful anticarcinogenic properties.
Although some basic taxane structures are present in all Taxus species, the quantitative composition of the yew biomass varies widely by species and natural conditions. Because of the complicated composition of the biomass, low concentration of constituents, and, in particular, the close structural resemblance of groups of components to each other, especially of the taxoids, the extracts from different varieties of yew are hard to compare. For these reasons, quantitative analysis of Taxus to determine its varieties is very complicated. For example, in a Chinese yew, T. chinensis var. mairei, more than 160 compounds have been identified in the past 20 years, but clear chemotaxonomic results have not yet been obtained [2] . Conversely, it is a well-known fact that confusion exists with regard to the identification and nomenclature of the various species of Taxus, and only one collective species, T. baccata, is often assumed to exist [1] . In another taxonomic approach, the genus is thought to have 24 species and 55 varieties [3] .
Two methods of data manipulation -fingerprint and principal component analysis -were used in this study for differentiating varieties of yew. Fingerprint analysis was originally introduced by the US Food and Drug Administration as one of the requirements for botanical products, and by the European Agency for evaluating medicinal components in herbal preparations [4] . A typical usage of fingerprint analysis is the quality control of medicinal plants [5] , but it is also sufficiently sensitive for such purposes as identifying grapes by stages of ripeness and cultivation zones [6] , and differentiating varieties of white wine [7] . Fingerprinting is now an accepted technique for the assessment of herbal material [8] . Principal component analysis (PCA) is a pattern recognition technique, a useful means of rapidly visualizing either similarities or differences within multivariate data [9] . PCA of selected marker compound data obtained by chromatographic, electrophoretic or other separation methods can be applied to the quality control of herbal extracts [10] , to the classification of plants of different origins [11, 12] , and for the comparison of transgenic and conventional maize [13] . Using this method for the chemical differentiation of Taxus species has been reported in a few studies [14, 15] . In this study, we attempted to develop a simple and reliable method for characterizing and differentiating varieties of Taxus by fingerprinting and PCA based on CE and HPLC separation data. Four crucial taxoids and two characteristic flavonoids were used as the marker compounds in this study. As far as we know, this study represents the first analysis of the composition of Taxus species from Estonia (or from other northern regions of Europe).
Traditional chemotaxonomic studies using the average concentration of several pre-selected compounds are frequently undertaken to infer relationships between plant taxa; however, this technique cannot be used to examine variations within species and may result in wrong conclusions in cases where the intraspecific variation is large [16, 17] . In contrast, profile-based classification can detect variations within and among species by comparing fingerprints [18] . CE-DAD analysis, which is capable of providing a relatively large amount of two-dimensional data, was employed in this study. It differentiates the varieties relative to the background pattern common to the Taxus family.
In some situations, a single detection wavelength fingerprint is desirable, a wavelength for which the electropherogram features the most peaks, thus producing a characteristic fingerprint. In this study of CE fingerprinting, comparing four electropherograms obtained at 214 nm, 280 nm, 306 nm and 370 nm (data not shown), we found 214 nm to be the most informative.
The fingerprints of the Taxus varieties at 214 nm exhibit a common pattern for all six samples (Fig.1 ). The samples of T. x media varieties "Hatfieldii" and "Hicksii" (T5 and T6) are the most similar and thus can be differentiated from other varieties of Taxus. Some differences with another T. x media sample (variety "Hillii", T3) are visible, particularly at higher migration times (more than 11 min). The absence of signals in the electropherograms up to 6.5 min of separation time provides evidence of a lack of positively charged ions in the Taxus extracts. This is typical of yew cultivars as well as "wild" samples. There are only a few peaks at longer times (more than 12 min) for some small molecules separated at high potential field conditions. Therefore, the most characteristic region for Taxus fingerprinting is up to 12 min of CE separation.
Samples of non-hybrid T. baccata, naturally occurring in Estonia ("wild" Taxus), exhibit a number of common peaks at shorter migration times ( Fig. 1 [19] in which the flavonoids were analysed by HPLC.
Various taxoids were detected in Taxus samples by HPLC-MS analysis. Four key compounds, deacetylpaclitaxel, 10deacetylcephalomannine, 10-deacetylpaclitaxel, and cephalomannine, were analyzed in all six samples. The detection of other taxoids was less consistent.
Selected analogous alkaloids were identified in six Taxus samples (T1-T6). Cephalomannine and paclitaxel were present in all, but 10-deacetylbaccatin was absent from samples T3 and T5 (both varieties of T. x media). It is noteworthy that baccatin III was detected only in one sample (T2, T. cuspidata).
The content of the four main taxols in the yew varieties occurring in Estonia is quantified in Table 1 . These results (in the form of ion chromatograms) were used in the PCA. The taxoid content is comparable with analogous data from other sources [20] [21] [22] . 28.5 (7.5) a The relative standard deviations (%) are in parentheses. Figure 2 shows the full scan LC-MS chromatogram of the T1 extract. Based on the mass-spectral data, three of the selected alkaloids, 10-deacetylbaccatin, cephalomannine and paclitaxel, were identified in this sample. This identification is also supported by MS-MS data. PCA proved to be a powerful tool for pattern recognition, classification, modeling, and other aspects of data evaluation. Concentrations of different taxoids and polyphenols (flavonoids, phenolic acids) are the variables (the columns of the input matrix) and the various species of Taxus are the rows.
In order to classify the varieties of Taxus by phenolic compound/alkaloid content, PCA was performed on the set of electropherograms/chromatograms of 9/6 Taxus extracts to find any possible clusters within the yew samples. The peak areas of 16 phenolic compounds determined by CE and 14 taxoids determined by HPLC were used as characteristics. The 9 x 16 and 7 x 14 data matrices were subjected to PCA. The results in the two first principal component axes (accounting for 53.6% and 73.9% of the data) are shown in Figures 3 and 4 , respectively. The cluster at the upper left corner of Figure 4 is of T. baccata, the middle one of T. x media, and the lower one of T. cuspidata. The distinctively patterned clusters are, therefore, in accordance with the species' differentiation, i.e. the phenolic and taxoid composition of the Taxus extracts correlates well with the botanical classification. The varieties of T. x media are differentiated solely on the basis of their higher paclitaxel content, and the varieties of T. cuspidata based on their low 10-deacetylpaclitaxel and cephalomannine content. PCA also produced similar results based on polyphenol content (CE data), as well as taxoids (HPLC-MS data).
Experimental
Materials: Samples of Taxus varieties were collected from the Luua arboretum (Jõgeva County, Estonia) in September 2009. Six samples were authenticated in the arboretum and the classification presented here is according to the labelling of the collection. In addition, 3 samples of unidentified varieties of local wild T. baccata (referred to as "wild" or "unknown") from various habitats around Tallinn, Estonia were included in the study.
Electrophoretic and chromatographic conditions:
All of the capillary electrophoretic experiments for separating the phenolic compounds were performed using an Agilent CE System (Agilent Technologies, Waldbronn, Germany) with DAD. A CE Chemstation (Agilent Technologies) was used for instrument control, data acquisition and data manipulation. The separation of polyphenols was performed in a fused silica capillary (60 x 0.005 cm, Polymicro Technology, Phoenix, AZ, USA) with an effective length of 52 cm. Prior to use, the capillary was rinsed with a 0.1 M NaOH solution for 5 min and with a separation buffer for 5 min. A 50 mM sodium tetraborate solution (pH 9.3) was used as a separation buffer. The applied voltage for the separation of polyphenols was +20 kV. The analyses of the fingerprints of the phenolic compounds found in the plant extracts were based on the protocol developed by Helmja et al. [23] , and Orav et al. [24] .
The taxoid content of the samples was analyzed using a Q-Star Elite ESI-Q-TOF mass spectrometer (Applied Biosystems/MDS SCIEX, Germany), coupled with a P680 chromatographic pump (Dionex, Sunnyvale, CA). For each analysis, 0.5 μL of the sample was injected and separated by isocratic elution with 50% methanol and 50% formic acid (0.1% solution) on a Zorbax SB-C18 column (75 mm x 0.5 mm, 5 μm particles) (Agilent Technologies, Germany). The separation was performed at a constant flow rate of 200 μL/min; a splitter was used to obtain an effective flow rate of 20 μL/min. The mass spectrometer was set to perform data acquisition in the positive ion mode, with a mass range of 200 -1200 m/z. The instrument was operated under the following conditions: needle voltage, 4.5 kV; auxiliary gas (N 2 ), 20 psi. Extracted ion-current strategies were used for the quantitative analysis of each Taxus extract. 
Quantitation of the method:
For the development and quantitation of the method, stock solutions of 0.5 mg/mL in methanol were prepared for catechin and 0.1 mg/mL for the taxoids. Standard working solutions within an appropriate range of concentration were made for each analyte by diluting the stock solution with methanol. The stock solutions were stored in a refrigerator. Six analyses were performed at each concentration level to determine the linearity and RSD% values of migration times and peak areas of the analytes. The quantitation of taxoids and flavonoids was based on calibration with standards in concentrations ranging from 0.2 to 4.0 μg/mL and 18 to 290 μg/mL, respectively. Calibration was linear at these concentration ranges. The detection and quantification limits for catechin and rutin were 5 μg/mL and 17 μg/mL, respectively. The regression equations were y = 1074.6x -58.753 (R 2 = 0.9984) for catechin and y = 1491.3x -84.292 (R 2 = 0.9992) for quercetin-3-Orutinoside.
Principal component analysis:
Principal component analysis was carried out using a Matlab (Mathworks, Natick MA) environment using a standard singular value decomposition procedure. For CE and HPLC data processing, peak areas were replaced by their logarithms and mean-centered. PCA was performed to differentiate the varieties of Taxus by applying the peak areas of selected marker compounds obtained from HPLC analysis.
